Abstract: The frequencies and mode shapes of high-rise buildings obtained from on-site ambient vibration testing and operational modal analysis (OMA) are very important for dynamic structural analysis and seismic design. This paper introduces a high-rise building ambient vibration test project in Laibin. Some results obtained from full-scale measurements of the dynamic behavior of 10 high-rise buildings are described. Different pre-and postprocessing techniques were used for ambient vibration signal analysis, from which the modal parameters were obtained using three OMA techniques. By rationally analyzing and modeling the stiffness of the infill walls, six finite element (FE) models were built in PKPM and SAP2000 to estimate the analytical modal information. The influences of the infill wall mass and stiffness on the dynamic properties of a high-rise building are further discussed. According to the identified and calculated results, all three modes emerged in each modal dense region in the frequency domain of high-rise buildings. Finally, based on 25 proposed empirical equations, the fundamental periods of 10 buildings are calculated and summarized.
Introduction
In recent decades, modern high-rise buildings have become more flexible and lightly damped because of the innovative structural forms and high-strength materials that are now used. Predicting the dynamic response of a building under ambient excitation (e.g., microtremors, wind, traffic) is increasingly important for both safety and serviceability design. However, ambient excitation cannot be directly measured; the structural responses are generally available for system identification via operational modal analysis (OMA). Thus, field measurements may provide a great opportunity for measuring the dynamic characteristics and responses of a highrise building and comparing them with the design values (Xu et al. 2003) . Field measurement results can also be used to improve model test techniques and to refine the numerical models used for structural analysis (Brownjohn and Pan 2008; Shi et al. 2012) . Other potential applications include monitoring structural health, assessing seismic vulnerability, and evaluating comfort maintenance and structural vibration control (Satake et al. 2003) .
Many full-scale on-site vibration tests have been conducted on high-rise buildings to record wind and structural response data (Kijewski-Correa et al. 2006) , to study the influence of various modeling aspects on predicted dynamic properties and computer seismic response behavior (Maison and Neuss 1985) , and to study the influence of wind on the performance of high-rise buildings (Li et al. 2006 (Li et al. , 2011 . Creating mathematical models of dynamic structural systems based on measured data also has significant potential for ambient vibration (Brownjohn 2003) . The dynamic performance of a building can be estimated more accurately using finite-element (FE) models that are built based on measured data. Furthermore, comprehensive ambient vibration survey and FE model updating has provided a thoroughly validated analytical structural model (Brownjohn 2003) . To identify the dynamic properties of a building, different output-only modal identification techniques, such as the random decrement technique (RDT), the Hilbert-Huang transform method (HHT), and stochastic subspace identification (SSI), can be applied to ambient and forced vibration measurements (Shi et al. 2012) .
Correlation of dynamic characteristics from field measurements with FE analysis of tall buildings has rarely been carried out because of its complexity and the different sources of uncertainties. Infill walls are a typical type of nonstructural element in high-rise buildings that usually increase the stiffness of a building and are generally neglected in a priori FE models. Infill walls are considered only when their influence is suspected to be detrimental to overall structural response. However, in some cases these walls also introduce various undesirable effects on building performance. There are generally two modeling approaches for estimating local and global responses: micromodeling and macromodeling, respectively. The idea of macroelements was originally presented by Holmes (1961) . Then, Saneinejad and Hobbs (1995) proposed an "equivalent strut model" for masonry frames with infill walls. Asteris et al. (2011) infilled frames. An alternative method for macromodeling is to model the infill panels using plane elements. Conversely, micromodeling simulates infill panels using detailed mesh to study the stress and strain distributions in a local region. Asteris et al. (2013) provided a thorough overview of the different micromodels proposed for analyzing infilled frames.
This paper introduces a full-scale high-rise building ambient vibration testing project in Laibin launched by Hunan University. Specifically, the following content is presented: (1) a detailed introduction to the project; (2) the performance of full-scale on-site ambient vibration testing and modal parameter identification of ten high-rise buildings using different OMA methods; (3) an investigation of rational modeling for infill panels and correlation of the building model characteristics with measurement results; (4) further discussion of the influences of infill wall mass and stiffness on the dynamic properties of a high-rise building based on the calibrated models; and (5) an evaluation and correlation of the measured fundamental periods of 10 buildings with those predicted using empirical equations.
Laibin High-Rise Building Test Project

Project Introduction
In 2013, a partnership between Structural Health Monitoring Research Team in Hunan University (www.hnutest.com) and the Laibin Housing and Urban-Rural Construction Committee was established to initiate a full-scale high-rise building ambient vibration test project in Laibin. This project allowed researchers to conduct a series of full-scale dynamic experiments and performance evaluations for high-rise buildings. A total of 10 high-rise buildings were carefully selected in five different residential regions. Detailed information on the tested buildings is given in Table 1 ; pictures and layout of the 10 high-rise buildings are shown in Fig. 1 . All the tested buildings had been constructed within the previous three years and were designed according to the Chinese seismic design code provision GB 50011-2001 (Chinese Architectural and Building Press 2001) . The tested buildings had no live loads of residents or furniture. The soil comprised slightly dense gravel and coarse or medium sand; therefore, most of the buildings used straight RC artificial excavating piles.
Experimental Setup (Laibin, Guangxi Autonomous Region, China) An individual ambient vibration experiment was conducted on each tested building. Each building was equipped with a similar instrumentation layout that featured four US Wilcoxon 731A highsensitivity accelerometers (adjustable sensitivity of 10, 100, or 1,000 V=g, frequency range of 0.05-450 Hz, and precision of 0.1 Hz) with a Wilcoxon Model P31 power supplier and four Chinese KD12000L accelerometers (sensitivity of 20 V=g, frequency range of 0.05-400 Hz, and precision of 0.1 Hz). These devices are capable of measuring acceleration at ultralow frequencies with high precision, making them well suited for measuring largescale massive structures. The accelerometers were mounted in orthogonal pairs at three opposite corners along two sides of each building, with two accelerometers installed along the lateral direction and two installed along the orthogonal lateral direction. Four accelerometers were fixed and were located on the reference layer, and another four were installed on the moving layer. The reference layer was arranged at approximately the middle height of the building to conserve cable length, whereas the moving layer was set every three to five stories by moving the four accelerometers.
The typical instrumentation layout of Jin Sui Xiao Qu 3# is shown in Fig. 2 . The sampling frequency for capturing ambient vibration signals was set to 204.8 Hz, and the signals in the time domain were recorded using an LMS Cadax 8-channel data acquisition (DAQ) system. The DAQ was programmed to continuously capture 15-20 min signals in the time domain to ensure that each independent test could be finished in one day. Because of budget limitations, wind speed was simply tested on the top of the building using a CIMAAR856 handheld anemometer and thermometer, which collected the 10-min average wind speed via measurements in the morning, at noon, and in the afternoon.
Signal Analysis and Processing
Data Quality Check and Processing Methods
After the ambient vibration signals were tested in the time domain, a data quality check was conducted to ensure reliable data for further analysis. The quality of the data was evaluated by visually inspecting the raw time-domain signals for each channel. A fast Fourier transformation (FFT) was also computed from the raw time-domain signal from each output channel during this step. The time-and frequency-domain signals for each channel were examined to identify any noisy or malfunctioning sensors. The spurious responses in the time history of each channel were removed to preserve the maximum number of acceptable responses.
OMA for ambient vibration signals includes frequency-domain, time-domain, and time-and frequency-domain approaches. In many previous applications, compared with analytical models, a number of missing modes or sporadic modes appeared or disappeared depending on the various pre-and postprocessing techniques used. The reasons for such modes and the reliability of intermittent modes are fundamental questions that continue to be challenges in Note: Buildings 1-3, 4-5, 6-7 and 8-9 are, respectively, located in independent residential regions.
OMA (Ciloglu et al. 2012) . To eliminate the influence of epistemic uncertainty, different pre-and postprocessing methods were used. Averaging time series data to generate pseudo-impulse response functions (p-IRFs) is a critical step in output-only modal analysis. To examine the influence of different averaging approaches, two different techniques were employed: random decrement (RD) functions and correlation functions. To prevent leakage, an exponential window was applied to the impulse response functions before postprocessing. Then the signals were transferred into the frequency domain using discrete Fourier transform (DFT).
To examine the influence of various modal parameter identification approaches, two approaches were included in the experimental program: the complex mode indicator function algorithm (CMIF) (Shih et al. 1989; Phillips et al. 1998 ) and SSI (Peeters 2000) . The CMIF method operates in the spatial domain and involves the singular value decomposition (SVD) of a multiplereference frequency response function matrix. The SSI method uses a state-space modeling approach and a two-stage process to extract modal parameters from time-domain data. In this research, the signals were pre-and postprocessed using three different paths, as shown in the flowchart in Fig. 3 .
Cross-Correlation Technique
Cross-correlation functions describe the correlation between random variables at two different points in time. The auto-(R xx ) and cross-(R xy ) correlation functions used in this research are defined in Eqs. (1) and (2) 
The length of a time block was considered to be 8,192 in the averaging process.
RD Method
The RD method, developed by Cole (1968) , is a technique that transforms a random time series into a free decay of the measured structure. The basis of the technique is the selection of the trigger point. Asmussen (1997) proposed four triggering conditions: (1) level crossing; (2) local extremum; (3) positive point; and (4) zero crossing with positive slope triggering. In zero crossing triggering, the point at which the process crosses the zero line with a positive slope is the trigger point:
where xðtÞ and yðtÞ = realizations of XðtÞ and YðtÞ, respectively.
CMIF Method
The CMIF method is a zero-order spatial domain algorithm. Additional details of this method and the necessary equations were described by Shih et al. (1989) and Phillips et al. (1998) . The basis of the CMIF method is the SVD of a traditional multiple-reference function (FRF) matrix. In this method, the SVD of the FRF matrix is performed at every spectral line, and the following matrix equation is obtained:
where ½HðjωÞ = FRF matrix; ½UðjωÞ = left singular matrix; ½ P ðjωÞ = diagonal singular value matrix; and ½VðjωÞ = right singular matrix. The CMIF method is an enhanced basic peak-picking procedure, and the frequency resolution affects the accuracy of the identified frequency.
SSI Method
A time-domain identification method, SSI identifies the modal properties of a system from only the output (ambient vibration). Additional details of this method were given by Peeters (2000) . The basic premise is that the physical model used to describe the continuous dynamic behavior of a system can be expressed as an equivalent discrete-time stochastic state-space model given by
where x k = discrete state vector; w k = process noise (the disturbances and the unknown excitation); A = state transition matrix, which completely characterizes the dynamics of the system by its eigenvalues; y k = sampled output vector; v k = measurement noise (due to the sensors and the unknown excitation); C = output matrix, which determines how the internal states are transferred to the external world; and k = time instant.
Signal Processing Results
As mentioned previously, the signals were pre-and postprocessed using three different methods, as shown in the flowchart in Fig. 3 . The operational mode shapes were extracted from the combination of the ambient vibration signals of the moving layer and the reference layer; then the different cases were integrated via sensors on the reference layer. The stabilization figure produced by Method 1 is shown in Fig. 4(a) . The SVD figures obtained by Method 2 and Method 3 are presented in Figs. 4(b and c) , respectively. The 12 modal periods and damping ratios identified by Method 1 are presented in Table 2 , and the modal periods identified by Method 2 and Method 3 are listed in Table 3 . These tables show that although some modes were missing when Method 1 was used, the other two methods were able to identify relatively complete modal information as a supplement. For Jin Sui Xiao Qu 3#, the first 12 mode shapes identified by Method 1 are shown in Fig. 5 . In each building, all three modes emerged in each modal dense region, and each region generally included two orthotropic lateral swaying modes and one torsional mode. Because of the inconsistencies in the mass center and the stiffness center in most of the high-rise buildings, the two orthotropic lateral swaying modes always included a torsional mode component to a certain extent.
FE Modeling
A range of representative three-dimensional (3D) FE models of the buildings were constructed to estimate structural modes. Shear walls can be modeled using various types of FE model, such as the warping single-column model, the plane stress model, or shell element model (Smith and Coull 1991) . The beams and columns used frame elements, and the floors were constructed using a shell element. In this research, two different types of software were used to construct the FE models for eigenvalue analysis. First, the SATWE module in PKPM was used. Widely employed for building design in China, PKPM is based on the Chinese building design code. In this software, when a high-rise building is modeled, the mass of the infill walls is considered to load the corresponding beam without influencing the stiffness of the structure. Because the stiffness of infill walls is neglected in the model, a 0.7-1.0 fundamental period reduction factor was considered in this research for calculating seismic response behavior. Because PKPM is limited to Chinese building design, SAP2000 was used for the modeling process; SAP2000 is used for engineering research worldwide. This software is a fully integrated program that allows quick modeling, convenient modification, and powerful analysis functions for 3D structures, such as elastic static analysis and time-history analysis. It includes the national design codes for most countries, including China. In general, infill walls are considered only in the gravity direction as an additional dead load. However, infill walls affect the rigidity of the structure and also increase the total mass of the structure, consequently increasing the inertial forces on the structure in an earthquake. Infill walls may cause adverse effects on the frame elements by creating short columns, torsion, or stiffness irregularities (Kose and Karslioglu 2009) . The shell element is generally used to model the infill walls as long as its physical parameters are rational. Another typical infill wall model is simulated as diagonal struts connected to four diagonal corners, where each strut is activated only under a compressive force. Determining the effective width w of the equivalent diagonal struts is essential for this approach. Various methods have been developed to evaluate the effective width of a diagonal strut for infilled frames without openings by Mainstone (1971) , Paulay and Priestly (1992) , and Fardis (2009). The Mainstone model (1971) was adopted to simulate infill walls with openings. Thus, the effective width of the equivalent diagonal struts is given by Eq. (9):
in which t w = infill panel thickness; H c = column height; L w and H w = clear horizontal and vertical dimensions of the masonry wall, respectively; θ = inclination angle of the diagonal element to the horizontal; l c = second moment of inertia of the column (in the normal direction to the infill wall); and E c and E w = moduli of elasticity of the concrete column and the infill wall, respectively. In this research, the compressive strength of the infill walls, which comprise MU10 brick (with a compressive strength of 10 MPa) and M5 mortar (with a compressive strength of 5 MPa), was 2.4 MPa. To evaluate the influence of different modeling approaches for the infill walls on the dynamic properties of the high-rise buildings, six different FE models were built for comparison, as shown in Table 4 . Model 1 was built in PKPM and is a typical design model used in China. The uniformly distributed load produced by the infill walls was assumed to be added onto the corresponding beam, whereas the stiffness of the infill walls was taken into account by a 0.7-1.0 fundamental period reduction factor in seismic analysis according to GB 50011-2001 (China Architectural and Building Press 2001) . Model 2 was designed as the baseline reference model in SAP2000, which is convenient for comparison of different modeling approaches. Models 1 and 2 are designed to compare modeling errors via different FE model software programs. For Model 3 and Model 4, the stiffness influence of the infill walls was modeled using a shell element and diagonal struts, respectively. In the FE analysis, the elastic modulus of the parameter was used to simulate the infill wall. Because the measured modes differed from the calculated modes, the modal information measured by ambient vibration was used to calibrate the FE model. A trial-and-error calculation process was performed to generate the optimized elastic modulus of the infill wall and the width of the diagonal strut to match the measured modes.
The first 12 modes that were measured and calculated for the 10 high-rise buildings are shown in Fig. 6 . After calibration, the modal parameters calculated using Models 3 and 4 were quite close to the measured modes, which demonstrated that both infill wallmodeling strategies can be used for high-rise building modeling. As an example, the 12 modes calculated using the calibrated Model 3 for Jin Sui Xiao Qu 3# are shown in Fig. 5 and compared with the measured modes using Method 1.
Based on the previous discussions, the influences of the infill wall mass and stiffness on the dynamic properties of a high-rise building are further discussed through two additional models: Model 5, which considered only the influence of stiffness, and Model 6, which neglected the influences of both mass and stiffness. The comparison of the 12 modes for the 10 buildings is shown in Fig. 7 . Both Model 1 (considering only mass) and Model 6 (considering neither mass nor stiffness) overestimated the measured natural period and were approximately two to three times greater than the measured value. The value calculated by Model 5 (considering only stiffness) was slightly smaller than the measured value. Therefore, it can be concluded that infill wall mass has a greater effect on the dynamic properties of a high-rise building than infill wall stiffness.
Fundamental Period Analysis
The fundamental period, which is strongly related to distributions of mass and stiffness, is a basic dynamic property of a high-rise building and the most important parameter related to seismic design. Per Chinese code, the mode-superposition response spectrum method was used for seismic evaluation of the 10 buildings tested in Laibin. In the analysis, the seismic influence coefficient is strongly related to the fundamental period, which is related to a few influence factors, such as the configuration of the planar structure, the distributions of mass and stiffness, and the material properties and distribution of the nonstructure. The empirical equations for calculating the dynamic properties of buildings have been provided by many institutes and universities and are related to a few basic pieces of information and characteristics, including building height, number of stories, building plan dimensions, structural type, and foundation type. In this research, 25 empirical equations were retrieved from the literature and are included in Table 5 .
Based on the proposed empirical equations, the fundamental periods of the 10 buildings were calculated (Fig. 8) . In the figure, a histogram represents the distribution of the fundamental period calculated by the proposed empirical equations. The lateral axis denotes fundamental period, and the vertical axis denotes frequency; the height of each rectangle represents the frequency of the corresponding period range. The mean value of the proposed empirical equations is compared with the measured value. The measured fundamental period of each building lies in the general range of the values estimated by different empirical equations; finally, the measured values are shown to be smaller than the average value of the 25 equations. One reason for this difference could be that the measured fundamental period was obtained under ambient excitation-that is, the measured period of the structure under wind, traffic, and microtremor influence. In addition, some relevant factors, such as nonstructural components and soil-structure interaction, that affect the calculation period are neglected in the calculation because of simplifications of the mathematical model. Another reason could be that the most unfavorable load used in the calculation is usually larger than the actual building weight, making the measured fundamental period smaller than the calculated period.
Conclusions
A full-scale ambient vibration test project was discussed in this paper. Full-scale ambient vibration tests were conducted on 10 buildings in downtown Laibin; three different OMA methods were then successfully implemented to generate modal frequencies and mode shapes. For comparison with the measured modal results, six PKPM and SAP2000 FE models were created for the high-rise buildings to investigate the proper modeling method, especially for infill walls. To demonstrate the rationality of the measured results, the measured fundamental periods were compared with the empirical estimation results. The following main conclusions can be drawn. First, few results have been reported for detailed ambient vibration tests conducted on a number of high-rise buildings in a city. In this project, at least two similar buildings in each residential district were chosen as the test objects, and the results can be used to compare the dynamic characteristics in a local region.
Second, because of the epistemic uncertainty that exists in the signal processing procedure, the SSI method was also used for OMA, and the cross-correlation and RD methods, followed by the CMIF method, were then used for further comparison. The advantage of using different methods is the ability to identify missing modes that result from using any single method. According to the results, modal dense region was found in the frequency domain of the high-rise buildings. In one modal dense region, two lateral swaying modes and one torsional mode were observed. Because of inconsistencies in the mass and stiffness centers, the lateral swaying modes were always combined with torsional modes.
Third, six different FE models were built in PKPM and SAP2000, and after calibration the shell element model and diagonal strut model were shown to rationally simulate the infill walls. The modes estimated by PKPM (the typical design model used in China) underestimated the measured modes, which were also reliable because they fell within the range of the periods estimated from 25 empirical equations. Based on the calibrated models, the influences of infill wall mass and stiffness on the dynamic properties of a high-rise building were further investigated. It was found that infill wall mass affects the dynamic properties of a high-rise building more than infill wallsstiffness.
Finally, based on the 25 proposed empirical equations, the fundamental periods of 10 buildings were calculated and summarized here. The mean value of the proposed empirical equations was compared with the measured value. The measured fundamental period of each building fell in the range of values estimated by different empirical equations, whereas the measured values were less than the average value of the 25 equations. One reason for this could be that the measured fundamental period of buildings is obtained under ambient excitation, meaning that under conditions of wind, traffic, and microtremors. In addition, some other relevant factors, such as nonstructural components and soil-structure (Chopra and Goel 2000) T ¼ 0.015h Calculates design base shear and predicts concrete shear wall buildings; building height <270 m 4 (Chopra and Goel 2000) T ¼ 0.025h Calculates seismic displacements; building height <270 m 5 (Hong and Hwang 2000) T ¼ 0.0294h 0.804 n interaction, that affect the calculation period were neglected in the calculation to simplify the mathematical model. Another reason could be that the most unfavorable load used in the calculation is usually larger than the actual building weight so that the measured fundamental period is smaller than the calculated period.
